Purpose: To report the postoperative binocular function of patients with Boston type I keratoprostheses implantation for unilateral visual impairment.
T he use of keratoprostheses has increased significantly in recent years as a viable alternative for visual rehabilitation in patients who are poor candidates for traditional penetrating keratoplasty. 1 The Boston type I keratoprosthesis, the most commonly used keratoprosthesis in the United States, is a polymethyl methacrylate collar-button keratoprosthesis that was granted 510(k) clearance by the Food and Drug Administration in 1992. As clinical outcomes improve because of design modifications and increased clinical experience, the indications for implanting keratoprostheses continue to expand from solely a ''measure of last resort'' to include aniridic keratopathy, 2 Stevens-Johnson syndrome, 3 ocular trauma, 4 and herpetic keratitis. 5 Recently, Aldave et al 1 published a large single surgeon series using the Boston type I keratoprosthesis for a variety of conditions. Before this report, good visual acuity in the contralateral eye was considered a relative contraindication to the implantation of a keratoprosthesis because of the risk of complications and extensive follow-up requirements. 6 However, with the goal of expanding indications for the Boston type I keratoprosthesis, Aldave et al 1 reported excellent visual outcomes in the majority of the 15 patients who had preoperative visual acuity better than 20/50 in the contralateral eye (minimum visual acuity required by the Department of Motor Vehicles in the state of California and many other states for obtaining an unrestricted driver's license). The use of keratoprostheses in this population begs a fundamental question: what is gained by performing keratoprosthesis implantation for patients with unilateral visual impairment?
In assessing the surgical indications for these patients, one must not only consider potential improvement in visual acuity but also improvement in binocular function. The impact that reduced binocular function has on quality of life was recently evaluated in a large cohort of patients enrolled in the 1958 British Birth Cohort study. 7 In this group of patients, impaired stereoacuity (present in 1002 of 8669 subjects) was strongly associated with a decrease in vision-related quality of life. 7 Additionally, improved stereopsis has been found to improve performance on motor skill tasks. 8 Therefore, although an improvement in stereoacuity is not often considered an indication for corneal transplantation, perhaps it should be in patients who stand to gain an improvement in binocular function.
The purpose of this study is to assess the binocular function, including both motor and sensory outcomes, in a cohort of patients who have undergone implantation of a Boston type I keratoprosthesis for unilateral visual impairment, with preoperative visual acuity of better than 20/50 in the contralateral eye.
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METHODS
This study was approved by the University of California, Los Angeles Institutional Review Board (G08-12-018-01) and was HIPAA compliant; all subjects gave written informed consent before participation in conformity with the Declaration of Helsinki.
All patients who underwent implantation of a Boston type I keratoprosthesis between May 2004 and February 2009, and had a preoperative best-corrected visual acuity better than 20/50 in the contralateral eye, were prospectively evaluated. Patients were excluded only if they were unable to schedule an appointment during the study period or if they were unable to complete the full examination. The surgical procedure and postoperative management of Boston type I keratoprosthesis patients at the Jules Stein Eye Institute is detailed elsewhere. 1 Patients were examined at least 3 months postoperatively. On the date of the study examination, a retrospective review of each patient's chart was performed to collect data regarding relevant preoperative characteristics. Demographics for patients 1-15 have been published previously. 1 Patients were enrolled during routine follow-up appointments. After the best-corrected visual acuity was determined using projected Snellen optotypes, patients underwent several tests of binocular function. First-degree fusion was evaluated using Bagolini lenses at 40 cm, which were placed in a trial frame with the streaks oriented at 45 degrees in one eye and and 135 degrees in the contralateral eye. Patients were then queried regarding the number and orientation of linear streaks visualized. Patients were considered to have first-degree fusion if they visualized 2 linear streaks simultaneously. Subjects then underwent testing of second-degree fusion using the Worth-4-dot test at near (14 inches). Red-green lenses and a standard Worth-4-dot flashlight were utilized for measurements at near. Patients were asked the number and color of the lights visualized; those patients who visualized 4 lights were considered to have achieved second-degree fusion. Finally, all subjects underwent testing of stereopsis (third-degree fusion), using standard Titmus testing for near (14 inches), and the Mentor B-Vat II BVS system (Mentor, Norwell, MA) at distance (20 feet). To avoid bias introduced by monocular clues, patients were also asked to identify elevation of the fly wings on Titmus testing monocularly. Patients also underwent testing for subjective ocular torsion using double Maddox rods. 9 Additionally, all patients underwent a thorough examination of ocular alignment, using both cover/uncover and alternate prism cover tests, and an evaluation of ocular rotations. 10 Any limitation to full ocular rotation was noted. If visual acuity in the operative eye was worse than 20/200, ocular alignment was estimated by the Krimsky method. 10 All patients were additionally questioned regarding the presence or absence of diplopia during the postoperative period.
Comparison of the mean age, follow-up time, and number of prior corneal transplants within subgroups of varying degrees of binocular function were done using a Student t test assuming unequal variance. The associations between several preoperative and postoperative variables were assessed using Fisher exact tests. Comparisons were deemed statistically significant if the P value was less than or equal to 0.05.
RESULTS
During the study period, 20 patients with preoperative visual acuity better than 20/50 in the contralateral eye underwent implantation of a Boston type I keratoprosthesis. Three patients were excluded from the study: 1 because of explantation of the keratoprosthesis (patient 4); and 2 because of lack of follow-up during the study period (patients 3 and 5). Each of the 17 remaining patients who were eligible to participate in the study were enrolled. The mean patient age was 60 6 17 years (range 40-85 years) and the mean followup was 21 6 16 months (range 3-58 months) ( Table 1) . Preoperative visual acuity in the operative eye ranged from 20/200 to light perception, whereas postoperative visual acuity in the operative eye ranged from 20/25 to light perception.
Ninety-four percent of the patients demonstrated some degree of binocular function (16 of 17 patients), as defined by the demonstration of first-degree fusion with the use of the Bagolini lens test ( Table 1) . Thirteen of 17 patients (76%) had second-degree fusion with the Worth-4-dot test at near, and 41% (7 of 17 patients) demonstrated third-degree fusion, as measured at near with Titmus testing, 3 of whom (3 of 17; 18%) also demonstrated third-degree fusion when measured at distance with the binocular video acuity tester (BVAT) system. No patient had symptomatic torsion or significant (,5°) torsion on double Maddox rod testing.
The mean age of the 7 patients who achieved third-degree fusion (52 6 14 years, range 40-74 years) was not significantly different than the mean age of the remaining 10 patients (65 6 18 years, range 20-77 years). However, the patients who had either no binocularity or only first-degree fusion were significantly older (71 6 12 years, range 57-85 years) than the group achieving third-degree fusion (P = 0.05), who were also more likely to have visual acuity better than 20/80 (P = 0.006) and be orthotropic (P = 0.04). Keratoprosthesis implantation for corneal limbal stem cell deficiency was correlated with third-degree fusion, although this association did not reach statistical significance (P = 0.06). Other preoperative factors, including glaucoma, pseudophakic bullous keratopathy, number of prior corneal transplants, and increasing follow-up length were not statistically correlated with a successful binocular outcome.
Five of the 17 patients (29%) had some degree of postoperative ocular misalignment, diagnosed before surgery in 2 of the patients (Table 1, patients 9 and 19) . None of the patients with postoperative ocular misalignment achieved third-degree fusion, although 3 of the 5 obtained visual acuity compatible with gross stereopsis. One of the patients with ocular misalignment was bothered by postoperative binocular diplopia, which was satisfactorily treated with prism spectacles.
DISCUSSION
Until recently, keratoprostheses were considered only for patients with bilateral severe visual impairment, and thus, patients with good vision in one eye were not considered candidates for keratoprosthesis implantation. Previous authors have argued that there is no need to subject patients with unilaterally good vision to a surgery that requires intensive follow-up and is associated with a multitude of potential postoperative complications. 6 We believe that when evaluating patients with unilateral visual impairment for keratoprosthesis surgery, ophthalmologists should consider the impact that restoration of binocular function would have on the patient's quality of life. In a study of the British Birth Cohort, Rahi et al 7 demonstrated a strong association between impaired stereopsis and an impairment in subjects' vision-related quality of life (odds ratio: 3.34, confidence interval: 1.74-6.39). In addition to quality of life measures, improved stereopsis may enhance patient safety. For instance, several studies have demonstrated poor stereopsis to be associated with an increased number and severity of motor vehicle collisions. [11] [12] [13] [14] [15] Additionally, stereopsis has recently been associated with performance on motor skills tasks. 8 Taken together, improved vision-related quality of life, improved motor skills, and improved patient safety are 3 important indications for keratoprosthesis implantation in patients with unilateral visual impairment.
The results of this study should guide surgeons in deciding which patients with unilateral visual impairment are most likely to regain ocular fusion after keratoprothesis implantation. Each of the patients who achieved third-degree fusion obtained a postoperative visual acuity of better than 20/80 and was orthotropic for viewing both distance and near targets. All 3 patients who regained visual acuity of better than 20/80 after surgery but did not regain stereopsis had some degree of strabismus (exotropia, ranging from 10 to 20D XT), diagnosed before surgery in 2 of the 3 patients. (Table 1 , patients 9 and 19) Additionally, each of the 4 patients who did not obtain second-degree fusion had a postoperative visual acuity of ''count fingers'' or worse. Thus, preoperative evaluation of potential keratoprosthesis patients with unilateral visual impairment should include a careful assessment of the visual potential and ocular alignment. The association of younger age at the time of surgery and the preoperative diagnosis of corneal limbal stem cell deficiency with obtaining third-degree fusion after surgery are most likely secondary to the decreased incidence of posterior segment abnormalities in this group of patients, who would therefore be expected to have a better postoperative visual potential.
Limitations of the present study deserve consideration. Importantly, we did not perform preoperative sensory and motor testing of binocular function in our patients. Although preoperative testing would have enabled us to determine the amount of improvement in binocular function, one can make educated assumptions regarding the preoperative binocular function in this population. Because the preoperative visual acuity in all cases except 1 was ''count fingers'' or ''hand motion,'' it is reasonable to assume that there was at least no demonstrable stereopsis (third-degree fusion), as visual acuity of at least 20/200 is required for stereoacuity of 400 arcsec or more. 16, 17 Therefore, at least 7 of the 17 (41%) patients who achieved third-degree fusion after surgery had a definite improvement in binocular function. It is highly likely that in the 7 other patients who experienced an improvement in visual acuity, there was also an improvement in binocular function. However, it is difficult to assess the level of improvement, if any, in the binocularity of the remaining 2 patients (18%) whose visual acuity did not improve postoperatively.
In the series that we report, more than 90% of patients with good preoperative visual acuity in one eye regained binocular visual function after the implantation of a Boston type I keratoprosthesis in the contralateral eye. If one considers restored or improved binocular function to be an important surgical outcome, then patients with unilateral visual impairment should be considered candidates for keratoprosthesis surgery. Stereopsis, appreciated by patients as an improvement in ''depth perception,'' was demonstrated in 41% of patients, and is a clear benefit of surgery. Patients who failed to appreciate an improvement in binocular function after surgery included the small percentage who had comorbid ocular disorders that prevented an improvement in visual acuity after keratoprosthesis surgery, and those with preexisting strabismus, demonstrating the importance of assessing the visual potential and ocular alignment before surgery. Therefore, appropriate patient selection is still a key factor in achieving excellent outcomes, including improved binocularity, after implantation of the Boston type I keratoprosthesis.
